Abstract
Introduction

40
Due to the high water content and availability of important nutrients on the product surface, 41 fresh and minimally processed fish and meat are vulnerable to microbial spoilage (Iturriaga et 42 al., 2012; Casaburi et al., 2014) . The dominating microbiota on cooled fish products consists 43 of psychrotolerant Gram-negative bacteria (Pseudomonas spp., Shewanella spp.). When 44 additional stress is created by additional antimicrobial practices (e.g. adding acid, salt, 45 antimicrobial food additives), the harsher environment can lead to a shift in spoilage 46 microorganisms to lactic acid bacteria, yeasts and molds (Gram & Dalgaard, 2002) . In meat 47
Composition of the essential oils 207
The composition of the Cinnamomum zeylanicum, Origanum compactum and Thymus zygis ct. 208
Thymol used in this research is given in Table 1 . Major components (> 5 % abundance) for 209 cinnamon EO were (E)-cinnamaldehyde (66.28 %) and cinnamyl acetate (10.54 %), for 210 oregano EO these were carvacrol (47.80%), thymol (21.41 %), γ-terpinene (13.44%) and p-211 cymene (8.53 %), and for thyme EO these were thymol (55.91 %), p-cymene (20.61 %), and 212 γ-terpinene (5.59 %). 213
Emulsion stability 214
Cinnamon EO was effectively emulsified in distilled water with a Tween 80:EO ratio of 1:100, 215 whereas a ratio of 1:10 was necessary for oregano and thyme EOs, and for oregano and thyme 216 EO a bimodal particle size distribution was observed at these settings ( Table 2 ), indicating that 217 a small part of the particles had a significantly larger size, and as such indicating a less stable 218 crude emulsion compared to the cinnamon EO-in-water emulsion. More than 10 times the 219 concentration of Tween 80 was required to produce stable EO emulsions in the presence of 10 220 % NaCl or marinade than in demiwater. The addition of sunflower oil to the EO-in-water 221 emulsions lowered the necessary concentration of Tween 80 for cinnamon and thyme EO but 222 not for oregano EO. The Tween 80:EO ratio and mean particle size of the EO + marinade 223 emulsions that were selected for use in the sensorial and antimicrobial tests are shown in 224 boldface in Table 2 , and for each EO the ratio was chosen as the lowest Tween 80:EO ratio 225 that resulted in stable crude emulsions. Marinade without EO did not reduce the microbial parameters during storage of any researched 235 food matrix except for the reduction of total coliforms on pork back-fat for at least 1 day of 236 storage. 237
On both chicken matrices, immersion in 1% cinnamon + marinade reduced the counts of some 238 microbial parameters after 6 days of storage (Table 4) , i.e. Y&M and LAB in the case of 239 chicken breast fillet and total coliforms, Y&M and LAB in the case of chicken skin. Immersion 240 in 1% oregano + marinade and 1% thyme + marinade were only moderately effective in one 241 case, i.e. a small reduction of Y&M on chicken breast filet was achieved after 6 days. As the 242 microbial shelf life of the chicken matrices was not reached within the duration of the 243 experiment, a potential shelf life increase due to the treatments could not be observed (Table  244 4). 245
On pork back-fat, total coliforms were reduced for at least 16 days with 1% cinnamon + 246 marinade and at least 6 days with 1% oregano + marinade and 1% thyme + marinade (Table  247 5), whereas total coliforms did not grow on pork LTL. E. coli did not grow on both the pork 248 matrices. Y&M were reduced during at least 16 days by 1% cinnamon + marinade on both pork 249 matrices and for at least 10 days on pork LTL by 1% oregano + marinade and 1% thyme + 250 marinade. LAB on pork LTL were only reduced after 10 days when treated with 1% oregano 251 + marinade and at least 1 day on pork back-fat with 1% of all three EO + marinade. The 252 microbial shelf life of pork LTL was increased with all three EO + marinade, and that of pork 253 back fat with cinnamon EO + marinade (Table 5) . 254
On salmon, Y&M were reduced for 6 days with 1% cinnamon +marinade, LAB were not 255 reduced, and TAP were reduced for at least 3 days with 1% cinnamon + marinade and 1% 256 oregano + marinade (Table 6 ). On scampi, there was no growth of Y&M and as such the 257 possible influence of 1% EO + marinade could not be established (Table 6 ). LAB were reduced 258 for at least 6 days on scampi with 1% oregano + marinade and 1% thyme + marinade and TAP 259 for at least three days for all EO + marinade and at least 6 days for 1% thyme + marinade. The 260 microbial shelf life of salmon was increased with cinnamon and oregano EO, and that of scampi 261 with cinnamon and thyme EO and the marinade treatment (Table 6) . 262
Sensorial analysis 263
There is a strong indication that for both the raw and baked pork LTL muscle and salmon a 264 difference in odor was observed between samples treated with 1% sunflower oil + marinade 265 and 1% EO + marinade and between 1% EO + marinade and 5% EO + marinade but not 266 between 1% EO + marinade and 3% EO + marinade (Table 7) . For the raw matrices, the 267 samples that were treated with 1 to 5% EO + marinade had a significantly lower hedonic value 268 than those treated with sunflower oil + marinade, except for one instance in the case of salmon 269 (Table 8) . For raw salmon, 1% EO + marinade scored higher than 5% EO + marinade. Baking 270 of samples that were treated with EO + marinade increased the acceptability (i.e. hedonic value) 271 of the odor. For the baked matrices the differences in hedonic values between samples treated 272 with EO + marinade and sunflower oil + marinade were mostly insignificant, except for baked 273 pork LTL where oregano EO + marinade scored lower than sunflower oil + marinade. For 274 baked salmon the odor of samples treated with 1% sunflower oil + marinade scored higher than 275 the odor of the samples treated with 5 % EO + marinade. When considering individual13 treatments (e.g. 1% oregano EO + marinade), some treatments scored lower than 1% sunflower 277 oil + marinade for the raw matrices, but no significant differences were observed for the baked 278 matrices. 279
Discussion
280
The goal of the EO emulsion stability trials was to create crude EO-in-water emulsions that 281 remained stable during the marinating process, and not to study in detail the influence of the 282 marinade components on the EO emulsion stability. As such, this was not studied nor discussed 283 in depth. However, the detrimental influence of ionic strength on the formation of EO-in-water 284 emulsions is remarkable and an issue that could be relevant for practical application of EOs in 285 certain (food) emulsion systems. The reported used ratios of Tween 80:EO to emulsify EOs 286 are in general between 1:10 to 2:1 (Donsi et al., 2011 (Donsi et al., , 2012 Chang et al., 2012; Terjung et al., 287 2012; Salvia-Trujillo et al., 2013 , 2014 Loeffler et al., 2014; Sugumar et al., 2014; Hashtjin & 288 Abbasi, 2015) . Concerning the influence of ionic strength and pH on the stability of EO-in-289 water however, next to nothing has been published. For non-ionic surfactants such as Tweens, 290 the presence of cations (especially monovalent cations) can be detrimental to the formation of 291 oil-in-water microemulsions due to dehydration of the polar groups which leads to separation 292 of the surfactant from the solution along with the oil (Binks & Dong, 1998; Warisnoicharoen 293 et al. 2000; Hsu & Nacu, 2003) . However, in this study the stability of sunflower oil-in-water 294 emulsions was not significantly compromised by the presence of 10 % NaCl. EOs have a 295 relatively low interfacial tension and relatively high polarity. This makes EOs susceptible to 296
Ostwald ripening (i.e. growth of larger droplets at the expense of smaller ones due to diffusion 297 of oil through the aqueous phase) and more susceptible to coalescence (McClements & Rao, 298 14 increase of carrier oil can decrease the antimicrobial performance of the EO/carrier oil in water 302 emulsion (Chang et al., 2012; Suriyarak & Weiss, 2014) . Another strategy would be to apply 303 another surfactant type to prevent coalescence (McClements & Rao, 2011) . 304
The GC/MS results are in line with previous observations that cinnamaldehyde, carvacrol and 305 thymol are the most prevalent compounds in cinnamon EO (Yang et al., 2005; Unlu et al., 2010) , 306 oregano EO (Lamiri et al., 2001; Bouchra et al., 2003; Mezzoug et al., 2007) , and thyme EO of 307 the thymol type (Bagamboula et al., 2004; Burt, 2004) respectively. Also, p-cymene and γ-308 terpinene are major compounds of oregano and thyme EOs (Burt et al., 2005) , which was also 309 the case in the present study. Most consistent in this study, is the antifungal efficiency of 310 cinnamon EO on all food matrices. In addition to its major abundance in cinnamon EO (> 66 311 % in this study), cinnamaldehyde is more efficient to inactivate fungi, Gram-negative and 312
Gram-positive bacteria than its structural congeners: cinnamaldehyde > cinnamic acid > 313 cinnamyl alcohol > cinnamyl acetate (Chang et al, 2001; Wang et al., 2005) , and as such its 314 contribution to the antimicrobial effect of cinnamon EO is large. Of the compounds found in 315 significant amounts in oregano and thyme EOs, thymol and carvacrol induce the strongest 316 antimicrobial effect as compared to (p-cymene, γ-terpinene etc.) (Bagamboula et al., 2004; Burt 317 et al., 2005; Sokovic et al., 2006) . As they are also the compounds with the highest relative 318 abundance in these EOs, the contribution of thymol and carvacrol towards the antimicrobial 319 effect of oregano and thyme EOs is large. Nonetheless, there are some indications that synergy 320 among EO components could occur (Lambert et al., 2002; Periago et al., 2004; Burt et al., 321 2005) , and as such the antimicrobial efficiency of an EO cannot be solely attributed to one or 322 a few of its major compounds without explicit evidence. cinnamaldehyde (Ouattara et al., 2001) . In most of the aforementioned studies, the potential of 337 these EOs to slow the growth of some of the analyzed groups of spoilage microorganisms for 338 a certain period of storage time has been observed, given a sufficient dose of EO. The collective 339 goal of these antimicrobial studies is to gain understanding concerning the dose-response of 340 the EO treatment on the spoilage microorganisms on these foodstuffs. Ultimately the actual EO 341 dose is the pick-up and herein lies the current problem. For virtually all the aforementioned 342 studies, it is unknown how much of the EO actually remained on the food matrix after 343 treatment, which can consist of EO being i) massaged in the food matrix, ii) added to the food 344 matrix, iii) added to the minced food matrix, iv) pipetted on the food matrix, v) the food matrix 345 can be immersed in EO emulsion etc. The results in the current study could be compared with 346 other studies by the pick-up values. In the current study this was done by multiplying the 347 concentration of EO in the marinade with the pick-up values (Table 3 ). The EO pick-up is a 348 rough estimation because i) not all (EO) components of the marinade are expected to be 349 transferred to the same extent to the food matrix, ii) variance in the pick-up due to transfer of 350 some solid matter from the tissue to the EO + marinade emulsion during the marinating process,iii) variance in the pick-up due to transfer of water from the tissue to the marinade emulsion 352 because of the high salt content in the marinade emulsion (osmotic effects). These issues were 353 reflected in the relatively high standard deviation in pick-up values for each food matrix. A 354 more accurate method would consist of actually determining the quantity of the adsorbed EO 355 components, through e.g. GC-MS analysis. In order to gain understanding concerning the use 356 of EOs on foods in order to extend the shelf life it is of paramount importance that a method to 357 measure the pick-up is developed and adopted by researchers, because at the moment very little 358 quantitative conclusions can be drawn from the ample collection of generated antimicrobial 359 data. 360
When EOs are applied in food formulations, the sensorial impact of these EOs is a limitation 361 towards the quantity of EO that can be applied. In this study, baking improved the perception 362 of the odor coming from the baked meat and fish, probably in part due to volatilization of EO 363 compounds during the baking process as well as the mix of the EO odor with generated odorous 364 compounds from the baked matrices. The results suggest that the antimicrobial treatment with 365 1% EO + marinade could be increased to 3% EO + marinade without compromising the odor 366 of the food matrices. An increase to 5% EO + marinade seems to result in less well perceived 367 odors on baked salmon, as does the use of oregano on baked pork LTL. In this study, only the 368 odor after 1 day of storage was assessed, mainly to detect possible detrimental influences on 369 the fish/meat as this is critical information for valorization of this EO application. As such, the 370 possible beneficial influence of the EOs on the sensorial quality of the meat/fish during storage 371 concentrations is explained by the actual concentration of EO that remains on/in the meat/fish 393 tissue after treatment, the variation in compatibility between a certain EO and a certain 394 meat/fish product, and the inherent subjectivity that arises when applying small, moderately 395 trained sensory panels (sensory acceptability is a. o. function of age, gender and cultural 396 background) (Samant et al., 2015) . Acceptability of EO treated meat/fish does not imply that 397 the EO does not influence the taste and odor. In the current study, the presence of 0.030 ± 0.002 398 % EO on pork LTL and 0.018 ± 0.002 % EO on salmon (both due to a 2 min dipping treatment 399 in 1% EO + marinade) resulted in observable but acceptable odors after 24 h storage (andrainbow trout fillet, submerging of chicken breast fillet in 1% Origanum vulgare, and addition 402 of 0.2 % Thymus vulgaris to chicken kebab and sea bass fillet, all resulted in an acceptable but 403 very noticeable taste and odor (Giatrakou et al., 2008 (Giatrakou et al., , 2009 Frangos et al., 2010; Kostaki et 404 al., 2009; Khanjari et al., 2013) . The use of an active compound instead of the EO (e.g. 405 cinnamaldehyde instead of cinnamon EO) would reduce the total amount of added compounds 406 that have sensorial impact on the foodstuff. Although this would not rule out the sensorial 407 limitations, it could potentially improve the usability of these antimicrobials and is worth 408 investigating. 409 
Conclusion
